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Abstract 

Actin cytoskeleton has been known to control and/or 
be associated with chondrogenesis. Staurosporine 
and cytochalasin D modulate actin cytoskeleton and 
affect chondrogenesis. However, the underlying 
mechanisms for actin dynamics regulation by these 
agents are not known well. In the present study, we in- 
vestigate the effect of staurosporine and cytochalasin 
D on the actin dynamics as well as possible regulatory 
mechanisms of actin cytoskeleton modulation. Stau- 
rosporine and cytochalasin D have different effects on 
actin stress fibers in that staurosporine dissolved actin 
stress fibers while cytochalasin D disrupted them in 
both stress forming cells and stress fiber-formed cells. 
Increase in the G-/F-actin ratio either by dissolution or 
disruption of actin stress fiber is critical for the chon- 
drogenic differentiation. Cytochalasin D reduced the 
phosphorylation of cofilin, whereas staurosporine 



showed little effect on cofilin phosphorylation. Either 
staurosporine or cytochalasin D had little effect on the 
phosphorylation of myosin light chain. These results 
suggest that staurosporine and cytochalasin D employ 
different mechanisms for the regulation of actin dy- 
namics and provide evidence that removal of actin 
stress fibers is crucial for the chondrogenic 
differentiation. 

Keywords: actin cytoskeleton; chondrogenesis; 
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Introduction 

Dynannic actin cytoskeleton is essential for diverse 
cellular processes such as the driving cell shape 
changes, cellular nnotility, adhesion, cytokinesis, 
and endocytosis (Pollard and Cooper, 2009). The 
significance of cell shape in the chondrogenesis 
has been recognized by the findings of cell shape 
transition from stellate, fibroblastic-like to rounded 
during condensation stage of linnb bud nnesen- 
chynne (Wezennan, 1998) and of association of 
changes in nnorphology with a gradual loss of 
collagen type II and proteoglycan synthesis (von 
der Mark and von der Mark, 1977). Rounded cells 
are also observed in the cartilage-containing cell 
aggregates of the micromass culture which mimics 
the condensation and differentiation events that 
normally occur during embryonic cartilage formation 
in vivo (Ahrens etal., 1997). 

Cellular condensation during which cell shape 
change occurs is a complicated process that are 
regulated by multiple cellular signaling molecules 
(DeLise et al., 2000) and therefore, it could be hard 
to explore the mechanisms of cell shape changes 
and the role of cell shape and/or cytoskeleton in 
the chondrogenesis using micromass culture sys- 
tem. Single cell culture systems would provide 
good models for the study of role of cell shape 
and/or cytoskeleton in chondrogenesis. 

Chondrogenesis is induced in single cell culture 
systems such as suspension culture (Solursh 
al., 1982) and three-dimensional culture systems 
using polymers, hydrogels or micromass culture 
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(Tortelli and Cancedda, 2009). The latter culture 
systems mimic tissues, resemble their organiza- 
tion, their mechanical properties and their physio- 
logical response to different stimuli. 

A method that belongs to other side of category 
in inducing chondrogenesis of single cells is to use 
actin filaments-modulating chemical agents. Cyto- 
chalasin D, a blocker of actin polymerization and 
elongation of actin, has been extensively used for 
the study of chondrogenesis. It has been known to 
induce chondrogenesis of limb mesenchymal cultu- 
res (Zanetti and Solursh, 1984; Lim a/., 2000) 
and stimulate chondrogenesis of dedifferentiated 
chondrocytes (Brown and Benya, 1988; Loty et al., 
1995). Staurosporine, a broad spectrum protein 
kinase inhibitor, disrupts the actin stress fibers and 
restores the differentiated functions of dedifferen- 
tiated chondrocytes (Borge et al., 1997). However, 
the underlying mechanisms by which these agents 
modulate actin cytoskeleton are poorly understood. 

Actin binding proteins regulate disassembly and 
assembly of actin filaments by sequestering G-actin 
and by depolymerizing actin. Formation of actin str- 
ess fibers is induced by myosin light chain (MLC) 
phosphorylation which regulates the activity of 
non-muscle myosin type II (Totsukawa a/., 2000; 
Vicente-Manzanares, 2009). Cofilin binds to both 
monomeric and filamentous actin and increase 
actin dynamics by depolymerizing filaments form 
their pointed ends (Paavilainen a/., 2004). The 
activity of cofilin is regulated by phosphorylation of 
Serine 3. Phosphorylation of cofilin abolishes the 
ability of cofilin to bind to F-actin leading to loss of 



its ability to depolymerize F-actin (Agnew a/., 1995; 
Moriyama a/., 1996; Bamburg and Bernstein, 
2010). 

At the top of signaling pathway that regulate 
actin dynamics is Rho family of GTPase (Etie- 
nne-Manneville and Hall, 2002). RhoA has been 
shown to be involved in chondrogenesis (Kumar 
and Lassar, 2009; Kim a/., 2012). 

In the present study, we employed two different 
chemicals, staurosporine and cytochalasin D to 
modulate actin filaments. First, we tested whether 
staurosporine induces differentiation of undiffe- 
rentiated mesenchymal cells into chondrocytes. 
Second, we compared the effect of staurosporine 
and cytochalasin D on the actin dynamics and 
actin regulatory proteins including MLC and cofiln. 



Results 

Staurosporine and cytochalasin D induce 
chondrogenesis of single mesenchymal cell and 
reorganization of actin filaments 

The changes in the F-actin cytoskeleton of mono- 
layer culture of chick embryo wing bud mesenchy- 
mal cells were demonstrated by phalloidin staining. 
The stress fibers began to appear on day one of 
culture and became abundant and thicker on day 
two (Figure 1A). These cells remained undiffe- 
rentiated state based on the immunofluorescence 
and western blot assay for collage type II. In the 
staurosporine-treated cells, stress fibers disappe- 
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Figure 1. Effect of staurosporine 
and cytochalasin D on tlie actin cy- 
tosl<eleton and cliondrogenesis. (A) 
Cell were cultured in the absence 
(a-f) or presence of staurosporine 
(STSN, 5 X 10"^M) or cytochalasin 
D (CD, 1 |ag/ml) for 1 (upper panel) 
or 2 (lower panel) days at low den- 
sity and stained for F-actin (Phallo- 
idin) and type II collagen (Type II). 
(B) The transcription level of type II 
collagen was analyzed by real-time 
PGR at 1 and 2 day of culture (right 
panel) and the translational level of 
collagen type II and Sox9 was ana- 
lyzed by Immunoblotting at 2 day of 
culture (left panel). *P < 0.05 com- 
pared to control. The data shown 
are representative of at least four in- 
dependent experiments. 
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ared and F-actin assumed a dispersed distribution 
from the day one of culture. Staurosporine treat- 
ment for 2 days induced the expression of type II 
collagen. Cytochalasin D treatment also resulted in 
disintegration of the stress fibers but F-actin exhi- 
bited an aggregated pattern. Cytochalasin D-treat- 
ed cells also expressed collagen type II as in the 
case of staurosporine. These results are consistent 
with previous reports (Zanetti and Solursh, 1984; 
Borge etal., 1997; Lim etal., 2000). 

When cells from limb bud mesenchyme were 
plated on the culture dish, they initially exhibited 
round form and became flattened as cultures 
continued. To examine whether staurosporine or 
cytochalasin D has same actin-dissolving or -disru- 
pting effect on the stress fibers, mesenchymal cells 
were incubated for two days and staurosporine or 
cytochalasin D was treated for another 2 days. As 
shown in Figure 2, cells cultured for 4 days has 
well-developed stress fibers. Staurosporine dissol- 
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Figure 2. Staurosporine and cytochalasin D disrupt existing actin stress 
fibers and induce chondrogenesis. Cell were cultured in F12 media sup- 
plemented with 10% FBS for 2 days and cultured for another two days in 
the absence or presence of staurosporine (STSN, 5 x 10"^M) or cy- 
tochalasin D (CD, 1 )ag/ml) and stained for F-actin (Phalloidin) and colla- 
gen type II (Type II). 



ved actin stress fibers and induced chondroge- 
nesis. Cells which have still stress fibers, even thin 
and small in number, were not stained for collagen 
type II. Cytochalasin D also disrupted actin stress 
fibers and induced chondrogenesis. Some cells of 
which stress fibers were disrupted by cytochalasin 
D did not differentiate into chondrocytes. These 
results indicate that staurosporine and cytochala- 
sin D are able to block formation of new stress 
fibers and dissolve or disrupt existing stress fibers 
leading to chondrogenic differentiation. 

Relative amount of F- and G-actin and F/G-actin ratio 

To quantify effects of staurosporine and cytocha- 
lasin D on actin dynamics of mesenchymal cell, we 
measured the relative amount of filamentous 
(F)-actin, globular (G)-actin, and relative abun- 
dance of F-actin compared with G-actin (F/G-actin 
ratio). As shown in Figure 3, the relative amount of 
F-actin fraction was not significantly changed by 
the two agents. These results were also confirmed 
by the analysis of F-actin amount with anti-F-actin 
antibody (Figure 3) consistent with the analysis of 
F-actin immunofluorescence with phalloidin as 
shown in Figure 1. F-actin which was dissolved by 
staurosporine or cytochalasin D, showed a diffused 
or spotted distribution, respectively. The relative 
amount of G-actin was decreased with stauros- 
porine treatment and increased with cytochalasin 
D treatment, which were reflected in the F/G actin 
ratio. Both of staurosporine and cytochalasin d 
reduced F-actin/G-actin ratio with more effect by 
cytochalasin D (Figure 3B). 

Staurosporine and cytochalasin D have different 
effect on the phosphorylation of cofilin 

To find the factors which regulate actin dynamics 
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Figure 3. Effect of staurosporine 
and cytochalasin D on the actin 
dynamics. Cells were cultured in the 
absence or presence of staurospor- 
ine (STSN) or cytochalasin D (CD) 
for 2 days at low density. F- and 
G-actin fractions were subjected to 
Western blotting (A). Densitometric 
evaluation of the G-actin (B), F-actin 
(C), and F-/G-actin ratio (D). *P < 
0.05 compared to control. The data 
shown are representative of at least 
four independent experiments. 
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Figure 4. Effect of staurosporine and cytochalasin D on the phosphor- 
ylation of cofilin and MLC. Cell were cultured in the presence of staur- 
osporine (5 X 10"^M) or cytochalasin D (1 )ag/ml) for 2 days in low 
density. Cell lysates were loaded on SDS-PAGE gel, immunoblotted with 
cofilin (A) and MLC (B) antibodies and quantified using imaging system. 
*P < 0.05 compared to control. The data shown are representative of at 
least three independent experiments. 



during cliondrogenesis induction, we examined 
whether the two drugs influence the phospho- 
rylation of cofilin. As seen in Figure 4, phospho- 
rylation of cofilin was slightly but not significantly 
decreased in staurosporine-treated cells. On the 
other hand, cytochalasin D significantly decreased 
phosphorylation of cofilin. To test other candidates 
for modulating actin dynamics, phosphorylation of 
MLC was examined. Neither staurosporine nor 
cytochalasin D affected phosphorylation of MLC. 



Discussion 

In this present study, we employed two different 
drugs which modulate actin filaments and com- 
pared their effects on chondrogenesis, F-/G-actin 
ratio, and phosphorylation of cofilin and MLC. 

The role of staurosporine in the recovery from 
the dedifferentiated state and prevention of dedi- 
fferentiation-like process as well as cytoskeletal 
changes has been studied in several cells. Stauro- 
sporine disrupts actin filaments and redifferentiates 
chondrocytes defifferentiated by retinoic acid or 
serial passages (Benya and Padilla, 1986; Borge 

a/., 1997; Lee et al., 2003) and stimulates exp- 
ression of collagen type II in fibrochondrocytes 
(Hoben and Athanasiou, 2008). In this study, we 
demonstrate that staurosporine induces the diffe- 
rentiation of single mesenchymal cells extending 
its influence to undifferentiated cells. Cytochalasin 
D also showed similar chondrogenesis-inducing 
effect as previously reported. 



However, the effects of these drugs on the actin 
cytoskeleton were somewhat different. While 
staurosporine dissolves actin filament with slight 
decrease in the relative amount of G-actin, F-actin, 
and F-/G-actin ratio compared to the control, 
cytochalasin D considerably reduced G-actin con- 
tent and F-/G-actin ratio. 

Actin dynamics is regulated by actin binding pro- 
teins such as MLC and cofilin. Cytochalasins 
interact with the actin filament network by capping 
the barbed ends, and thereby altering the dynamic 
properties of microfilaments (Cooper, 1987). It has 
been proposed that the effects of cytochalasin D 
on cells result from both a direct interaction of the 
drug with the actin filament components of cytos- 
keletal networks and a secondary cellular res- 
ponse (Schliwa, 1982). The latter engages network 
fragments in an energy-dependent event that leads 
to the formation of filament foci (Bershadsky al., 
1980). In the present study, we show that cytocha- 
lasin D decreases the phosphorylation of cofilin. 
Cytochalasin B itself has a weak severing effect 
(Bonder and Mooseker, 1986). However, it has 
been reported that cytochalasin D reduces phos- 
phorylation of ADF/cofilin which would activate 
cofilin and thereby depolymerize F-actin (Rueck- 
schloss and Isenberg, 2001). Thus, our results 
suggest that cytochalasin D promotes F-actin 
depolymerization by reduction of cofilin phospho- 
rylation in concert with the prevention of F-actin 
polymerization by its immediate effect on the 
organization of cytoskeletal networks. Further stu- 
dies are needed to elucidate the mechanism of the 
cytochalasin D-induced dephosphorylation of cofi- 
lin. 

In contrast to the effects of cytochalasin D on the 
phosphorylation of cofilin and MLC, staurosporine, 
in the present study, did not affect phosphorylation 
of either cofilin or MLC. Staurosporine selectively 
inhibits protein kinase C at nanomolar concent- 
rations, but it also inhibits a broad range of protein 
kinases (Tamaoki al., 1986; Matsumoto and 
Sasaki, 1989; Yanagihara et al., 1991). Inhibition of 
some of them including protein kinase C, protein 
kinase A, and Ca^Vcalmodulin-dependent protein 
kinase with specific inhibitors did not induce the 
chondrogenesis of mesenchymal cells (data not 
shown). 

Assembly and morphogenesis of matrix adhe- 
sion are regulated by signals from small G-protein 
Rho family. Activation of Rho is required for the 
formation of focal contacts and the associated 
stress fibers (Nobes and Hall, 1995; Rottner al., 
1999). Rho functions by triggering many target 
molecules that, in turn, initiate cascades of down- 
stream events. Two of the immediate Rho targets. 
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Rho-associated kinase (ROCK) and the formin 
homology protein mDial (a mammalian homo- 
logue of Drosophila Diaphanous protein) were 
shown to mediate the effects of Rho on matrix 
adhesion and the actin cytoskeleton (Watanabe 
a/., 1999). ROCK controls actin dynamics by regu- 
lating MLC phosphorylation directly or indirectly 
through MLC phosphatase (Amano a/., 2010) or 
by regulating cofilin phosphorylation through LIM 
kinases (Maekawa, et al., 1999). 

Increasing evidence suggests that RhoA/ROCK 
pathway plays a negative role in chondrogenesis 
(Woods a/., 2005; Kumar and Lassar, 2009; Kim 
et al., 2012). In the present study, staurosporine 
reduced the activity of RhoA. Recently, we have 
shown that RhoA regulates ROCK activity but 
inhibition of ROCK activity neither affects MLC 
phosphorylation nor induces chondrogenesis and 
suggested that RhoA uses other pathway than 
ROCK for the chondrogenic differentiation (Kim 
al., 2012). In accordance with these results, stauro- 
sporine affects neither the phosphorylation of MLC 
nor the phosphorylation of cofilin supporting the 
hypothesis that RhoA does not utilize ROCK 
pathway in the chondrogenic differentiation as 
suggested by Kim et al. (2012). 

In the present study, cytochalasin D reduced 
phosphorylation of cofilin. If ROCK does not func- 
tion in the chondrogenic differentiation of mesen- 
chymal cell as mentioned before, then how could 
cytochalasin D affect cofilin phosphorylation? 
There are other kinases than ROCK which are 
responsible for cofilin phosphorylation such as 
testicular kinases (TESK) (Toshima al., 2001; 
Scott and Olson, 2007). In addition, the phos- 
phatases of the Slingshot (SSH) family and the 
haloacid dehalogenase phosphatase chronophin 
(CIN) dephosphorylate cofilin (Huang al., 2006). 
It remains to be established whether cytochalasin 
D regulates these kinases and phosphatases. 

Comparing the effect of staurosporine and cyto- 
chalasin D, they have some features in common. 
They disrupted actin stress fibers and induced 
chondrogenesis of single mesenchymal cells. They 
also showed some differences. Staurosporine has 
less effect on F-actin/G-actin ratio and phosph- 
orylation of cofilin than cytochalasin D. In other 
words, irrespective of the mechanisms by which 
staurosporine and cytochalasin D use, the com- 
mon consequence of the treatment of two drugs is 
disappearance of actin stress fibers and subse- 
quent induction of collagen type II expression. 

In addition to the role in the regulation of cellular 
mechanic through cytoskeletal modulation, dyna- 
mic connection between nearly all cellular struct- 
ures provides a large negatively charged surface 



on which many signaling molecules including 
protein, lipid kinases, phospholipases, and GTPases 
in response to the activation of specific trans- 
membrane receptors (Janmey, 1998). Moreover, 
mechanical tension guides repositioning of trans- 
lational components to sites of signal reception 
resulting in rapid post-transcriptional changes in 
gene expression (Chicurel al., 1998). Therefore, 
disappearance of stress fiber means the disruption 
of cytoskeletal network and tension developed by 
cytoskeletal filaments leading to alteration of cell 
signaling and gene expression. Taken together, our 
results suggest that dissolution of actin stress 
fibers, not F-actin/G-actin ratio, is crucial for chon- 
drogenesis. 

In summary, the present results showed that 
staurosporine and cytochalasin D use different 
mechanisms in the reorganization of actin fila- 
ments and chondrogenic differentiation. Our data 
also suggest that disappearance of actin stress 
fibers plays a common and important role in 
chondrogenic differentiation. 



Methods 

Materials 

Goat anti-collagen type II polyclonal antibodies were pur- 
chased from Santa Cruz Biotechnology (Santa Cruz, OA). 
Rabbit anti-phospho-MLC (Ser19) polyclonal antibody was 
bought from Stressgen (Ann Arbor, Ml). Anti MLC antibody 
was from Sigma (St. Louis, MO). Anti-phospho-cofilin 1 
(Ser-3) rabbit polyclonal antibody was from ECM Bioscien- 
ces LLC (Versailles, KY). Anti-cofilin rabbit polyclonal anti- 
body was from Sigma (St. Louis, MO). Alexa fluor 555 an- 
ti-goat antibody and Alexa fluor 488 phalloidin were from 
Invitrogen (Carlsbad, CA). Cytochalasin D was from Enzo 
Life Sciences (Farmingdale, NY) and staurosporine from 
Biomol (Plymouth Meeting, PA). 

Cell culture 

Mesenchymal cells isolated from stage 23/24 chick embryo 
wing buds were cultured as previously described (Lim et 
a!., 2000). The isolated limb mesenchyme was incubated 
with 0.1% trypsin-collagenase in Ca^^-Mg^Vree saline-G 
for 10 min at 37°C. After addition of growth media (Ham's 
F12 medium supplemented with 10% FBS), cells were 
spun down and cell pellet was resuspended in growth 
media. The cell suspension was passed through eight lay- 
ers of lens paper and centrifuged at 1,000 x g for 5 min. 
The cell pellet was dispersed in fresh growth media and 
cell number was counted with a hemacytometer. The cells 
were plated at a density of 4 x 10^ cells/plate or 1 .2 x 10^ 
cells/plate, 35 mm or 60 mm in diameter, respectively. The 
cells were grown at 37°C in a 5% CO2 atmosphere of hu- 
midified air. Some of the cultures were treated with 5x10^ 
M staurosporine or 1 |a,g/ml cytochalasin D after cells were 
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allowed to attach to the dish for 1 hr at 37°C in 5% CO2. 



Immunofluorescence 

Cells were fixed with 4% paraformaldehyde in PBS for 10 
min, washed three times with PBS, permeabilized with 0.1 
% Triton X-100 in PBS for 5 min at room temperature. After 
washing three times in PBS, cells were blocked with 1% 
BSA for 1 h at room temperature. Incubation with collagen 
type II antibody (1:1,000, Santa Cruz Biotechnology, 
Santa Cruz, CA) was performed in blocking solution (1% 
BSA in PBS) for 1 hour at room temperature in a humidi- 
fied chamber. Specimens were washed three times with 
PBS and incubated for 1 hour at room temperature with 
Alexa fluor 555-conjugated mouse anti-goat antibody. 
Typically, we incubated cells with secondary antibody and 
Alexa fluor 488- conjugated phalloidin simultaneously to 
examine expression of collagen type II and distribution of 
F-actin. Nuclei were stained with 4,6-diamidino-2-phenyl- 
indole (DAPI). Samples were mounted in mounting me- 
dium (Sigma, Saint Louis, MO) and observed using a con- 
focal laser scanning microscopy (LSM700; Carl Zeiss, 
Oberkochen, Germany). 



Real-time quantitative RT-PCR 

Total cellular RNA was extracted with Trizol (Gibco 
Invitrogen) at various time points. cDNA was synthesized 
from 1 |Lig RNA in 20 |liI of master mix for reverse tran- 
scription containing 200 U/|liI Superscript III (Invitrogen), 5 
mM MgCl2, PCR Buffer, 1 mM dNTP, 1 U/^il RNase in- 
hibitor, and 2.5 mM oligo dT in DEPC-treated distilled 
water. For assessment of mRNA, transcripts were quanti- 
fied by real-time quantitative polymerase chain reaction 
(RT-PCR) and normalized with respect to gapdh expre- 
ssion. The oligonucleotides used as primers were as fol- 
lows: Type II collagen; 5'-TGGATATTGGCCCAGTCTG 
CTTCT-3', antisense, 5"-TGGGATTGGGCTGGATTCCTTT 
CT-3' sense, gapdh; 5'-GATGGGTGTCAACCATGAGAA 
A-3', antisense', 5'-ATCAAAGGTGGAAGAATGGCTG-3', 
sense. 



Western blot 

Cells were harvested and cell lysates were prepared with 
cell lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCI, 1 mM 
EDTA, 1 mM PMSF, 1 mM NaF, 1 mM sodium orthovana- 
date, 0.25% sodium deoxycholate, and 1% NP-40, pro- 
tease inhibitor cocktail [Sigma]). Cell extracts were cleared 
by centrifugation at 1 5,000 x g for 10 min at 4°C and the 
protein concentration of each sample was measured by the 
BCA protein assay (Pierce, Rockford, IL). Equal amount of 
lysates were subjected to 10% SDS-PAGE and electro- 
blotted to nitrocellulose membrane. Blots were blocked 
with 3% non-fat dry milk in TBST buffer (20 mM Tris-HCI, 
150 mM NaCI, 0.1% Tween-20) for 1 h and incubated with 
primary antibodies against type II collagen, cofilin, phos- 
pho-cofilin, MLC, phosphor-MLC overnight at 4°C. Appro- 
priate secondary antibodies coupled to horseradish perox- 
idase were then applied at a 1:1,000 dilution for 1 h at 
room temperature. Proteins were detected using Supersig- 
nal Femto Maximum Sensitivity Substrate (Pierce). Quanti- 



fication of relative band densities was performed by scan- 
ning densitometry using Image J software (National Insti- 
tute of Health, Bethesda, MD). 

Measurement of F-actin/G-actin ratio 

F-actin to G-actin ratio was determined as described pre- 
viously (Rasmussen et al., 2010). Briefly, cells were lysed 
with actin stabilization buffer (0.1 M PIPES, pH 6.9, 30% 
glycerol, 5% DMSO, 1 mM MgS04, 1 mM EGTA, 1% 
TX-100, 1 mM ATP, protease inhibitor cocktail (Sigma)) on 
ice for 10 minutes. Cells were harvested and the cell ex- 
tracts were centrifuged at 4°C for 75 minutes at 16,000 g to 
separate the F-actin from G-actin pool. The supernatants 
of the extracts were collected and designated a G-actin 
pool. The pellets were resuspended in ice-cold actin depo- 
lymerization buffer (0.1 M PIPES, pH 6.9, 1 mM MgS04, 
10 mM CaCb, and 5 |liM cytochalasin D) and designated a 
F-actin pool. Equal amounts of both the supernatant (G-ac- 
tin) and the resuspended pellet (F-actin) were subjected to 
Western blot with the use of an anti-p-actin antibody. 
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